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Abstract. The additional modulation function of high voltage direct current (HVDC) links can
improve the system stability while the unavoidable random external disturbance and sudden
changes seriously affect the controller performance and the system stability. In this paper, an
improved control scheme based on inverse optimal adaptive control is proposed for the hybrid
AC/DC system which considers the system parameter error, external disturbance and other
random perturbation. The proposed control scheme combines the inverse optimal control
approach and the adaptive control method to account for the modelling errors and uncertainty,
which aims at the disturbance attenuation and the optimal operating of the hybrid AC/DC
power system. Besides, the improved Pl (Proportional-Integral) controller based on the
lead-lag link for the current control of HVDC system is proposed to further improve system
dynamic performance. Simulations conducted on a typical hybrid AC/DC system show the
correctness and validity of the proposed control method.

1. Introduction

With the rapid and worldwide development of HVDC technology, scholars home and abroad
have more and more researches for HVDC and hybrid AC/DC power system [1-3]. Since the
advent of modern control theory with the representative of linear systems and optimal control,
fruitful achievements of theoretical innovation and applications have been proposed, especially
the wide applications in power system [4-6]. However, the traditional linear optimal control uses
the approximate linear model based on rated conditions and is only suitable for small signal
stability problem in principle. Although the nonlinear control based on differential geometry and
feedback linearization method [7] can be superior to linear method in improving large
disturbance stability, its modeling is still based on a fixed structure and the modeling errors and
disturbance attenuation issue are not involved in the design of these controllers, which cannot
ensure the robustness of the controllers. Due to the inherent robustness with respect to modeling
errors and external disturbances, the nonlinear Hoo optimal control [8] is a potential method to
solve the optimal and robust problem. However, the applications of Hoo optimal control remain
open since solving the Hamilton-Jacobi-Isaacs (HJI) partial differential equation is relatively
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difficult to realize. Scholars have proposed various methods [9-12] to study the Hoo optimal
control but these methods are mostly based on solving the HJI partial differential equation. To
avoid solving the HJI equation, Freeman and Kokotovic proposed the inverse optimal control
[13] in 1990s. In the control, a control law and a Lyapunov function are designed first, and then
it is shown to be optimal with respect to a meaningful objective functional, whose minimal value
can be any difference with that of the objective functional given before the design. The inverse
optimal control can not only ensure the robust stability of the uncertain nonlinear system with
external disturbance, but also solve the global optimization problem and some actual application
achievements have been made [14-16]. In this paper, the inverse optimal control approach and
the adaptive control method are combined to account for the modeling errors and uncertainty,
the disturbance attenuation, and the optimality of the DC modulation controller for the hybrid
AC/DC power system to enhance the safe and stable operation of the power system.

In this paper, an improved scheme based on inverse optimal adaptive control and the
improved PI controller is proposed to improve the dynamic performance of the hybrid AC/DC
power system. This paper proceeds as follows. Section 2 describes the system modelling of
hybrid AC/DC power system. Section 3 introduces the inverse optimal adaptive control and the
improved PI controller based on the lead-lag link. In Section 4, a typical hybrid AC/DC system
is taken to verify the validity of the proposed control strategies. Finally, Section 5 highlights the
conclusions of the whole paper.

2. System modelling of hybrid AC/DC power system

The typical hybrid AC/DC power system is shown in figure 1. In the figure, the Ga and Gg is the
equivalent generators of area A and area B. There are two power transmission channel. The Py is the
AC power transmission and The Pgc is the DC power transmission. P.a and Pg are the local loads.

A Pa d

L 1
< D

QDH(ss)
Pdc

PLa Pis

Figure 1. Hybrid AC/DC transmission system.

The dynamic equations of the system in figure 1 can be written as

5AB = 0, Wpg

} 1 1

Wpg = —(PmA -P,—P. - Pdc)__(PmB -Pg+P.+ Pdc)_‘%)AB +EepWy (1)
M., e

Pdc :(Pdcn - Pdc + Pu)/Tdc +EpWy

where dap=0a-0B, wap=wa-ws and w,=27nf is the rated angular speed; P4 and P,z are the
mechanical inputs of the generators; P;4 and P;p are the local loads; P..is the AC transmission
power and Py is the DC transmission power; Pqc, is reference DC power, APy is DC modulation
signal and Ty is time constant of DC system; @ is the equivalent damping coefficient, which is
unknown usually; &p is the error coefficient of equivalent damping and external disturbance; ¢p
is the error coefficient of DC system equivalent and external disturbance and wy is the external
random disturbance.
Define a new coordinate 4 as
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5AB — 50
A @,
A=A |=| O (2)
13 PmA — PLA _ PmB — PLB _ Pac — Pdc
Mr, Mg M i

where /M =(1/M;, +1/M;5); &, is the steady value of &g .

The mechanical power of the generator and the load power are assumed to be slowly varying
with time. Thus, it can be derived by

] =_E+(_Pdc +Pdcn +Pu) + EpWy

& M T,.M M @)
Take virtual control v as
V:_i+_Pdc+Pdcn+Pu (4)
M T,.M
and it results that
: EpW,
&=ve e (5)
Then the dynamic model of the system in figure 1 can be written as
A=
Ay = A3+ 0,0 + W, (6)
Ay =V+15W,
&p
where @, =¢,, 1,=¢, and 7, M

3. The improved optimal control for the hybrid AC/DC system

3.1. Inverse optimal adaptive control

Inverse optimal adaptive control can solve the global optimization problem of nonlinear systems
and ensure the robustness of the system meanwhile. The inverse optimal control approach and
the adaptive control method are combined into the hybrid AC/DC grid for the optimal operation
of the system. In this section, the application of inverse optimal adaptive control is extended to
hybrid AC/DC system. Besides, a sufficient condition for the solvability of this problem is given
based on Definition 1 in the Appendix section

Consider the following general nonlinear system

A(t)=F(4,0) +9,(A)w, + g, (Av(t) 7

where A(t) is the state variable, w, is the external uncertainty disturbance and v(¢) is the

control input. The solution of the inverse optimal adaptive control for system (7) is given by
solving the stability problem of the auxiliary system. Considering the auxiliary system of (8)
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- (Lv)
A= 1(0)+ 9y QL V)5 + g,V (8)

‘ L91V ‘2

where V(4,6) is a defined Lyapunov function and » is a class A function while the

derivative 7' is also a class K function. ¢y is the Legendre-Fenchel transformation and

satisfies ¢y(r)= r(y')fl(r)—y((;/')fl(r)) where ()" (r) is the inverse function of dy(y)/dy.

If there exists a control law v

v=a(A,0)=-R(,0) (L, V) ©)
which can globally asymptotically stabilize (8), then the control law v*
V' =a'(4,0)
= pa(A,0) (10)

= pR(LO (L V) B22

minimizes the cost functional (11) and solves the inverse optimal adaptive control for system (7)

30 = sup {lim| 24V (1,6) + [[(1(1. )+ RCL v~ 55y (| /9)dr) | (1)

wy €D

where 0<9<2 and

16,0 =28 LV +er (2L, V] - L VR (L)' |

(12)
;
+B(2-9)er (2L, V) + B(B-2)L VR (L, V)
3.2. Inverse optimal adaptive control of hybrid AC/DC power system
The standard form of system (5) is
A [h+ad
A |=| A+ 9,0 |+ 0,W, + g,V (13)
,1'3 0+ ¢,0

where 9, =[17,7,,7.] . 9,=[0,01]" , ¢, =9, =0 and 7,=0. Let @,=7,=0 for notational
convenience.
Taking }/(y)zyz/,u where u is a positive constant yet to be determined, we have

¢y(2y) = uy?. Then the auxiliary system of system (13) is

21 A+ @0

. T

b |=| A+0,0 [+ 19, (LV) +0,V (14)
,1'3 0+¢,0

Taking the following coordinate change
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L,=4
L,=h-a (15)
L=h-a,

where a, and «a, are smooth functions yet to be determined (For notational convenience we

define a, =0) and choosing the following Lyapunov function for system (15)

V(4,0) = i%z +Lpg (16)

i=1

where 0 :6’—9, 6 is the estimate of the unknown parameters € and @ is the estimation
error, the derivative of Lyapunov function (16) can be given as

ov 8V

zvu)z
(17)
:znv+za—/ll(/’tl+l+m7, (L v) +¢,9)+Zz (- 66;19) POD

i=1

If we take

(18)

where @ = da oa and use the inequalit
i =1~ aélﬂ.l, Vi=¢ — 8/11 (/’ul q y

1 1
zzkﬂ_zzk +22k+1,k 12 (19)
Equation (17) can be further written as

A/(E)SZS(V+%Z3+,L1(ZU3)Z 2, +2u(w,z,)w,
0 0
_Z 062/1K+1 80;20+V/30]+Z (z +a, + u(@,) 7, (20)

oo, ooy A - 1 2 A) ~
— AL ——=0+y,0 |+| -, +a, |7, + z.—Po |6
(%1/12 20 ¥, J (2 1 1) 1 (;V/I i

Take the smooth function ¢ satisfying

: 2,0, oa, .
2, =—) — A, ——=0+y,0 21
¢kZ:; K zaﬂkﬂkl Y; Vs (21)

k=1

and we have
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AN (A) <z, (v+%z + (@, ) ZCD zkj
+2,| 2, v+, + u(@,) 2, ——1/12 aa}éﬂ//zéj (22)
o4, 06

3 A) ~
+6 Z, +ozljz1 +{Zwizi - PGJH
i=1

where ®©, =0,=¢ and O, =2uw,m,+¢.
If the parameter ¢, and «, are chosen as

1
o, = —Clzl - E Zl
(23)

2 oa.
a, =-C,2, -1, _ﬂ(wz) Z, +8_leﬂ? —y,0

and the control law v is taken as

vV=a,(1)=-R(1) 'z, (24)
1 S i
where R(1)= [C += 5 +,u w3 z >0, we have
k=1
13 2 13 D, 3 2 ~
A/(ﬂ’)g__zck(zk) __zck(zk__zs) + Zl//izi_Pe 0 (25)
2 23 Cy i=1
Taking the adaptive law éz pt (Zl//, = J it follows that
13 2 A
,ZV(E,)S—EZCk(zk) +60
k=1
_ 1 3 2 1 2 ~2 A2 (26)
__Ekz:;‘ck(zk) +§(9 -0° -0 )
<-cV(A)+Y
where Y= %02 , c=min{2ci, 2¢2, 2¢3}. Let p=Y/c >0, then the inequality (26) satisfies
(27)

0<V<p+[V(0)-ple™
It is seen from (27) that when time {—>00, V exponentially decays to p. Therefore A(t) is
globally uniformly bounded and the auxiliary system (14) achieves globally asymptotically

stability.
According to (10), the control law
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V=fa,(2) =-pR(2) "z,
——,B[c +;+,u @;) +23:®—k2j_ >2 (28)

k=1 Ck

solves the inverse optimal adaptive control for system (13).

3.3. Improved PI controller for the current control of HVDC system

In the current control of HVDC system, the PI controller aims at the tracking the dc current for
the reference with no steady-state error, which is essential in the stable operation of system.
However, traditional PI controller lacks ideal dynamic response and cannot effectively suppress
external disturbance, and may even trigger protection action. Therefore, the improvement of
dynamic performance is of great concern to keep the HVDC system stay stable. In this paper, the
improved PI controller for the current control based on the lead-lag link for the HVDC system is
proposed to further improve system dynamic performance. The control block diagram is shown
in figure 2. In the figure, the wi, Pui, Pri, Pac, Pac, Pu are defined in Section 2. Py is the rated
reference transmission power of the system. U, is the DC voltage and current. /.. and I, are
the maximum and minimum limit of the obtained current command. K; and K are the control
parameters of the PI controller. The a, amax, and omin Are the obtained, maximum limit and
minimum limit of the firing angle.

o By B,
Inverse optimal
adaptive control

I

dc ac

1+8T 0 | +
D E— a
1+ sTLag h

Figure 2. Control block diagram of the improved PI controller.

2
S

This link models a lead-lag function, where 7;..s is the lead time constant and 7., is the lag
time constant. In this link, there also includes maximum and minimum output limits internally.
With proper parameter design of 77c.s and Tr.e, the dynamic response of the PI controller can be
realized. The control effect can be obviously seen in the case study of a typical hybrid AC/DC
system in the next section.

4. Simulation results

The validation of the proposed control is tested by simulation cases on a typical hybrid AC/DC
system shown in figure 3. The conventional control and our proposed control are used on this
test system. The contingency of system operating conditions are simulated in this case.
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ol sl ©
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Figure 3. Typical HVYDC system diagram.




NEFES 2018 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 188 (2018) 012093 doi:10.1088/1755-1315/188/1/012093

In the initial steady-state operating conditions, the voltage of DC line is 800 kV and the
transmission power is 5000 MW; the voltage of AC line is 500 kV and the transmission power is
2000 MW. Take equivalent time constant of the DC line is 7;=0.1s. In the improved PI
controller, the Tr.qqs is set as 2e-5s and the T, is set as 2e-6s.

Case 1:

In this case, the system operating conditions of is set as the short-circuit fault and load power
fluctuations. It is supposed that the system is operating normally before 2s. At time 2s, the
single-phase earth fault occurs in the receiving—end bus and lasts 0.01s. At time 2.5s, there
exists 10% load fluctuation. The response curves of rotor angle and frequency deviation under
the different controls are shown in figure 4.
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Figure 4. Response curves with different controls of case 1. (a) Rotor Angle of G1 relative to G4 and
(b) frequency deviation between the sending and receiving areas of the AC line 1.

The response curves of rotor angle and frequency deviation shown in figures 4(a) and 4(b)
indicate that, when facing successive and different changes of operating conditions, the
overshoot of rotor angle and frequency deviation is relatively small and the recovery time is
faster with the proposed control than the conventional control. From figure 4(a), the lowest point
of the rotor angle response curve is improved with the proposed control while the oscillation
amplitude is also mitigated. From figure 4(b), the oscillation amplitude of the frequency
deviation is nearly 0.013 pu with the conventional control while it is obviously reduced under
the proposed control. In addition, it can be seen that with the improved PI controller, the
overshoots of both the rotor angle and frequency deviation are further reduced with shorter
recovery time. Hence the proposed inverse optimal adaptive control with improved PI controller
can significantly provide adequate damping and improve the dynamic response performance of
the system to a great extent, which ensure the strong robustness of the system under the premise
of the optimal performance of the relevant electric parameters.

Case 2:

To further test the effectiveness of the proposed inverse optimal adaptive control with
improved PI controller, another case is conducted in this section. The system is operating
normally before 2s and the three-phase earth fault occurs in the receiving—end bus at time 2s and
lasts 0.01s. Additional, there exists 20% load fluctuation at time 2.5s. The response results of
rotor angle and frequency deviation with different controls are shown in figure 5.

The response results shown in figures 5(a) and 5(b) indicate that the system loses stability
with conventional control while the proposed controllers provide adequate damping and can
improve the dynamic response performance of the system. It is also shown that, when facing
successive and different changes of operating conditions, the overshoot of rotor angle and
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frequency deviation is relatively small and the response curves reduce the amplitude faster under
the proposed control with improved Pl controller. Therefore, the proposed inverse optimal
adaptive control with improved PI controller can significantly improve the dynamic performance
of the system.
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Figure 5. Response curves with different controls of case 2. (a) Rotor Angle of G1 relative to G4 and
(b) frequency deviation between the sending and receiving areas of the AC line 1.

5. Conclusion

® In this paper, the control scheme based on inverse optimal adaptive control and improved PI
controller is proposed to improve the dynamic performance of the hybrid AC/DC power
system. The system model takes the system parameter error, external disturbance and other
uncertainties random perturbation into consideration in order to strengthen the robustness of
the system.

® The inverse optimal adaptive control for the hybrid AC/DC power system proposed in this
paper can not only ensure the robust stability of the uncertain nonlinear system with external
disturbance, but also solve the global optimization problem without solving the HJI equation,
which is easy to realize.

® The improved PI controller based on the lead-lag link for the current control of the HVDC
system is proposed to further improve system dynamic performance. The simulation results
show that the proposed control scheme can increase oscillation damping of the system power
and improve the stability of the interconnected system to a great extent.

Appendix
Definition 1 [17]: If there exists a class A, function » whose derivative y' is also a class K,

function, positive definite function R(4, é) with R=R" >0, positive definite unbounded functions
I(/l,é) and E(/l,é) , and a feedback control law V= a(/l,é) with a(O,é) =0, which minimizes the
following cost functional
. A t A T A
3= sup {!LT[E(M) [ (12.0) RGO~ 7w, |)drﬂ} (29)
where D is the set of locally bounded functions and § is the dynamic estimates of the unknown

parameter @, then the inverse optimal adaptive control for the nonlinear system is solvable.
The cost functional J(V) puts penalty on the state 1, control V and disturbance wd so this is
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the differential games of system (6), which aims to find out then optimal control under the worst
disturbance.
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